Neonatal hypoxic pulmonary hypertension causes increases and spatial changes in tropoelastin expression in pulmonary arteries. However, it is not clear if this is due to recruitment of quiescent smooth muscle cells (SMC) into an elastin-producing phenotype or persistence of the fetal pattern of tropoelastin gene expression. We evaluated the distribution and relative concentration of tropoelastin mRNA in intralobar pulmonary arteries from late gestation fetuses and in animals exposed to hypobaric hypoxia (430 mmHg) from birth for 1, 3, 7, or 14 d, as well as in age-matched and adult room air-breathing controls. In situ hybridization demonstrated that tropoelastin mRNA was distributed throughout the entire radius of the pulmonary vessel wall in the fetus and newborn calf. By 15 d of age, only cells in the inner third of the media expressed tropoelastin mRNA, and by adulthood no tropoelastin mRNA was detected in the vessel wall. These findings demonstrated that tropoelastin expression shuts off in a spatially specific pattern, moving from the abluminal to the luminal side of the medial in the neonatal pulmonary artery when pressures and resistance are falling. In the aorta of 15-d-old calves, tropoelastin mRNA expression was seen equally throughout the media, indicating tissue-specific regulation of elastin in the neonatal period. In contrast, intralobar pulmonary arteries from calves exposed to hypoxia, which prevented the normal postnatal decline in pulmonary artery pressure, maintained the fetal pattern and levels of tropoelastin mRNA expression at all time points. Thus, rather than causing a recruitment of SMC into an elastin-producing phenotype, neonatal pulmonary hypertension caused a persistence of the fetal pattern of tropoelastin expression in medial SMC. Cell-free translation showed that the same tropoelastin isoforms were made by mRNA from control and hypertensive calves and, unlike the ligamentum nuchae, did not change during the transition from fetal to neonatal life. We conclude that pulmonary hypertension in the neonate perturbs the normal postpartum repression of tropoelastin expression resulting in a persistence of the fetal spacial and isoform patterns of tropoelastin gene expression. (J. Clin. Invest. 1994. 
Introduction
Pulmonary hypertension in both humans and animals is characterized by significant increases in cell proliferation and extracellular matrix protein production in pulmonary vascular wall cells (1) (2) (3) (4) . The fibroproliferative response in neonatal pulmonary hypertension is particularly exuberant compared with changes observed in adults, yet the reasons for these age-related differences remain unexplained. With respect to extracellular matrix proteins, tropoelastin production is developmentally regulated, and elastogenesis in arteries is limited to a brief period from mid-fetal to early neonatal life (5) (6) (7) (8) . Further, developmental regulation ofmatrix protein production in the vasculature appears to be influenced to a large degree by hemodynamic forces (9-11). Thus, because hemodynamic factors modulate arterial growth and protein synthesis, and because there are large and abrupt changes in hemodynamic function in the pulmonary vascular bed around the time of birth, we hypothesized that major changes in the expression oftropoelastin mRNAs should take place in the perinatal period. Study of matrix protein gene expression in the normal and hypertensive neonatal pulmonary circulation should provide clues as to the mechanisms responsible for regulating arterial growth and matrix production.
Our previous studies have demonstrated marked increases in both elastin and collagen synthesis and steady state mRNA levels in pulmonary artery tissue and cells from hypertensive neonatal animals (12, 13) . Further, we have demonstrated marked differences in the distribution ofcells producing elastin in the pulmonary arteries of neonatal calves with pulmonary hypertension compared with controls. In 15-d-old control animals, in situ hybridization signal for tropoelastin mRNA was localized in the inner third of the media. In hypertensive vessels, hybridization signal was observed throughout the entire media of the vessel, with the strongest signal seen in the outer media ( 14) . Based on these findings, we initially hypothesized that smooth muscle cells (SMC) I in the outer vessel wall were rapidly recruited into an elastin-producing phenotype. This could have been due to an increase in the responsiveness of these cells to local humoral or mechanical stimuli. Alternatively, the pattern of tropoelastin gene expression may be due to a persistence of a fetal pattern of gene expression that is maintained in the face of the persistence of high pressures in the pulmonary circulation similar to the fetus.
To better understand the mechanisms governing the arterial remodeling associated with neonatal pulmonary hyperten-sion, we sought to define the normal pattern of tropoelastin gene expression in elastic pulmonary arteries in late fetal and early neonatal life and to examine the impact of severe neonatal pulmonary hypertension on tropoelastin mRNA expression in these vessels. Using in situ hybridization and Northern blot analyses, we found that the distribution and quantity oftropoelastin mRNA in lobar pulmonary arteries changed dramatically from the late gestation fetus through the early neonatal period in control animals but was unchanged in animals exposed to hypobaric hypoxia from birth. Thus, we showed that the fetal pattern of tropoelastin mRNA expression persists in the neonatal hypertensive state. Additionally, we demonstrated the existence of a radial gradient of elastin expression during normal postnatal adaptation in the pulmonary artery. These perinatal changes are specific to the pulmonary vasculature since no age-related spatial alterations in tropoelastin mRNA expression were observed in the aorta over the same time period.
Methods
Animal model. 33 newborn male dairy calves obtained from the dairy herd ofthe Duo Dairy (Fort Collins, CO) were used in these studies. In addition, tissues from five late gestation (240-270 d) fetal calves, and three adult (> 2 yr) steers were examined. Newborn calves that served as normoxic controls during the normal transition to extrauterine life were housed indoors and cared for as previously described ( 15) . Animals were studied at 4 h (n = 3), 2 d (n = 3), 4 d (n = 3), 8 d (n = 3), and 15 d (n = 5) oflife. Experimental animals, in which the intent was to prevent the normal adaptation of the pulmonary circulation to extrauterine life, were made hypertensive by exposure to hypobaric hypoxia (barometric pressure [PB] = 430 mmHg, equivalent to an altitude of 4,300 m). These calves were placed in a hypobaric chamber (3 x 9 m) at the Department ofPhysiology, Colorado State University, within the first 24 h of life and cared for as previously described ( 15 ) . The calves (n = 3 in each group, except at 14 d, where n = 7) remained in the chamber for 1, 3, 7, or 14 d, and at the end of the exposure period, hemodynamic measurements were made, the animal was killed by pentobarbital overdose and exsanguination, and lobar pulmonary vascular tissue was obtained for both RNA then washed, perfused, and stored at 4VC in 70% ethanol until tissue samples were dissected and processed for paraffin embedding. Tissues for in situ hybridization were taken from the lobar pulmonary artery between the hilum and third order branch. For RNA isolation, the first generation left lobar pulmonary artery was obtained from fresh lung tissue, cleaned of adventitia, placed in a 50-ml sterile plastic conical tube, and immersed in liquid nitrogen. Samples were stored at -70'C until used for RNA isolation.
In situ hybridization studies were performed in all calves and were done essentially as previously described by our laboratories ( 14) . Sections for hybridization were cut at 5 Mm, picked up on Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA), deparaffinized in xylene, dehydrated through graded ethanols, and rehydrated in PBS. All sections were treated with 1 ;ug/ml nuclease-free proteinase K (Sigma Chemical Co., St. Louis, MO) to loosen the constraints ofintracellular crosslinks caused by aldehyde fixation, and were washed in freshly prepared 0.1 M triethanolamine buffer containing 0.25% acetic anhydride to reduce potential nonspecific binding sites. Sections were covered with 25-50
Ml of hybridization buffer containing 50% deionized formamide, 2X standard saline-citrate buffer (SSC; lx is 150 mM NaCl, 15 mM sodium citrate, pH 7.0), 20 mM Tris-HCl, pH 8.0, lx Denhardt's solution, 1 mM EDTA, 10% dextran sulfate, 100 mM DTT, 0.5 mg/ml yeast RNA, and 2.5 X 104 cpm/,Ml of "S-labeled tropoelastin RNA probe. To retain the hybridization solution, sections were covered with siliconized, autoclaved coverslips sealed with a 1:10 mixture of petroleum ether and rubber cement. Sections were incubated at 55°C for 18 h in a humidified chamber.
After hybridization, slides were washed under stringent conditions as previously described ( 14), except that 10 mM DTT was substituted for 25 mM f3-mercaptoethanol in the wash solutions. Nonspecific binding was reduced by incubating the slides in 0.5 M NaCl, 10 mM Tris-HC1, pH 8.0, 1 mM EDTA containing 20 Mg/ml RNase-A (Sigma Chemical Co.) at 37°C for 30 min. Washed slides were dipped in Kodak NTB-2 emulsion diluted 1:1 with distilled water and processed for autoradiography as described ( 14) . For the comparisons made in this study, exposure was for 12 d so relative signal strength could be compared. After development of the photographic emulsion, slides were stained with hematoxylin-eosin. Silver grains were visualized by darkfield microscopy.
Preparation ofRNA probes. For in situ hybridization, tropoelastin mRNA was detected by hybridization with a radiolabeled antisense RNA probe transcribed from a 500-bp bovine cDNA, T66. T66 is a 500-bp cDNA of the bovine elastin gene spanning exons 16- WI) , except that the transcription reaction was extended to 4 h to allow for the relatively inefficient incorporation of sulfated ribonucleotides. Calculated probe specific activities were between 10' and 109 dpm/Mg. RNA probes were prepared and purified as previously described ( 14) .
RNA hybridization. Total RNA was isolated by homogenization of frozen artery segments in guanidine thiocyanate and centrifugation through cesium chloride, and Northern hybridization and washes were done under stringent conditions as previously described ( 12-14). Total RNA (5Mg/lane), n = 2 at each time point, was denatured, fractionated through an agarose-formaldehyde gel, and transferred to nitrocellulose filters. Tropoelastin cDNA T66 was labeled with a-[32P]dCTP by nick translation. Autoradiographic signal was quantified by densitometry and normalized to the relative amount of 28S rRNA detected with an oligomer (5'GGGCTGGGCCTCGATCAGAAGGACTTGG 3f) complementary to sequences that are conserved among mammalian 28S rRNA subunits ( 16) . Oligomer preparation, purification, labeling with -y-[32P]ATP, and hybridization and wash conditions were performed as previously described (17) . Autoradiography for 28S
rRNA Northerns was between 15 and 45 min.
Cell-free translation. Total RNA (5 Mg) purified from lobar pulmonary artery and nuchal ligament from 270-d-old bovine fetuses and from 15-d-old normoxic and 14-d-old hypertensive calves was translated in a rabbit reticulocyte lysate (Promega Biotec) using L-[3H]-leucine or L-[35S]cysteine. Tropoelastin peptides were specifically immunoprecipitated with a monoclonal anti-bovine tropoelastin antibody, and the immunoprecipitated protein was resolved by electrophoresis through thin, continuous gradient SDS-polyacrylamide gels and detected by fluorography as described ( 17) .
Results
Hemodynamics. Previously, we reported that chronic hypoxia ( 15 d) results in severe pulmonary hypertension, and we have described in detail the hemodynamic changes associated with this exposure ( 15, 18) . To study the temporal pattern of these changes, we placed newborn calves at simulated high altitude for 1-15 d and monitored changes in hemodynamics and tropoelastin mRNA expression and compared them with agematched controls. A steady decline in pulmonary artery pressure was observed in control calves over the first 15 d of life. Pressures declined from a mean of62±5 mmHg at 4 h ofpostuterine life to 27±2 mmHg by 15 d of life (Fig. 1) . In animals made continuously hypoxic from the first day of life, in agreement with our prior studies ( 15, 18) , no such decline was observed, and, in fact, we noted that pulmonary artery pressures at 14 d of hypobaric hypoxic exposure greatly exceeded those in the newborn (Fig. 1) or those reported for the fetus ( 19) . Over this time period, systemic pressure remained constant at -85 mmHg. In situ hybridization. Because elastin is the principal matrix component of large conducting arteries, tropoelastin mRNA expression provides a reliable marker of vascular SMC phenotype during normal and abnormal growth and development. In the late gestation fetus (240-270 d), tropoelastin mRNA was expressed by cells throughout the media of the lobar artery, but, the relative signal strength varied within the vessel wall. The strongest signal was detected in outer medial SMC, which were separated by dense foci of tropoelastin mRNA-negative cells (Fig. 2 A) . Consistent with a lack of detectable tropoelastin mRNA, these outer medial cell foci were also devoid of well-developed elastic laminae, as seen in the bright-field illuminated photomicrograph (Fig. 2 B) . Inner medial cells, as well as some endothelial cells, of the fetal lobar arteries were consistently positive for tropoelastin mRNA. The signal per cell, however, appeared less in areas closer towards the vessel lumen, indicating a radial gradient of tropoelastin mRNA expression. In addition, the hybridization pattern in the innermost part of the arterial wall was more random and punctuate rather than consistently between lamellae as in the outer media. These features of tropoelastin expression were seen in all five late gestation fetal animals studied. Arteries from several (n = 3) 4-5-h-old newborn calves had essentially the same morphology and pattern oftropoelastin expression as that seen in the fetal vessel (Fig. 2 D) . No hybridization signal was seen in samples processed with radiolabeled sense RNA probe (Fig. 2 C) After birth, the wall ofthe lobar pulmonary artery gradually thinned, and the pattern of tropoelastin expression was markedly altered in normal animals. At 2 d postpartum, arteries from normoxic calves demonstrated some thinning but continued to resemble fetal vessels both in the pattern and level of tropoelastin expression (Fig. 3, NA) . By 4 d postpartum, the vessel had thinned significantly, and the signal intensity for tropoelastin mRNA was diminished. In addition, tropoelastin expression was seen mostly in middle medial cells. At 8 d after birth, no additional thinning of the artery or reduction in tropoelastin mRNA expression was evident. In 1 5-d-old neonatal calves, however, a marked change in the distribution oftropoelastin expression was seen (Fig. 3, NA) . Unlike earlier ages, little to no signal was typically seen in outer medial wall cells but was consistently seen within cells in the first few layers of the inner media. This pattern was observed in four of five normoxic calves and is consistent with our previously published findings ( 14) . In one 15-d-old normal calf, the pattern of tropoelastin mRNA expression was similar to that seen in the 84-old sample (not shown). By maturity, no consistent hybridization signal was observed in the lobar pulmonary artery (Fig. 4) .
In the hypoxic calves, however, these age-dependent changes in pulmonary vessel morphology and tropoelastin expression did not occur. Instead, the fetal and early neonatal pattern of tropoelastin expression and wall thickness persisted after 1, 3, 7, and 14 d ofhypoxia exposure (Fig. 3, HA) . Consistent among fetal, early neonatal, and all hypertensive arteries was the relative wall thickness, the increasing gradient of tropoelastin mRNA expression from the inner to outer media, and the presence of foci of tropoelastin mRNA-negative cells _ i R =~~~~~~~~~~~~~~~~~~~~~~~w pulmonary artery pressure and pulmonary vascular resistance over this period oftime (see Fig. 1 ). On the other hand, tropoelastin mRNA levels remained elevated in animals exposed to hypoxia in whom pulmonary artery pressure did not decline and, in fact, were slightly elevated compared with neonatal calves (Fig. 6 ). To better evaluate the relationship between tropoelastin mRNA expression and pulmonary artery pressure, we plotted relative tropoelastin levels against pressure (Fig. 7) . A highly significant correlation (r = 0.89) was demonstrated between pressure and tropoelastin mRNA levels. Analysis oftropoelastin isoform pattern. Tropoelastin premRNA undergoes extensive alternative splicing resulting in the translation ofmultiple peptide isoforms, (20) (21) (22) . We assessed if the production of tropoelastin isoforms in the pulmonary artery followed a developmental pattern similar to that seen in other tissues. Total RNA from late fetal lobar pulmonary artery and nuchal ligament translated three distinct tropoelastin isoforms of 67, 65, and 63 kD (Fig. 8) . Consistent with our previous findings ( 17), the 67-kD isoform in the fetal ligament samples was the least abundant, the 65-kD form was the most prominent, and the 63-kD form was intermediate. In neonatal ligament samples, more of the 67-kD isoform was made, whereas less of the 63-kD isoform was produced. These changes were not due to deletion or retention of exons coding with no intervening elastic lamellae. Very consistent was the fact that tropoelastin mRNA expression was greatest in the outer media.
To assess if the changing distribution of tropoelastin mRNA expression was specific to the pulmonary vasculature, we also examined sections of thoracic aorta from control and hypertensive calves. Strong hybridization signal was observed throughout the vessel wall, with the exception of tropoelastin mRNA-negative cell foci similar to those observed in the pulmonary artery. No changes were observed in the distribution pattern oftropoelastin mRNA in the aorta ofcontrol or hypertensive calves over the time period during which dramatic changes were observed in the pulmonary artery (Fig. 5) .
RNA analysis. Blot hybridizations were done to confirm that in situ hybridization findings predicted steady state mRNA levels. High steady state tropoelastin mRNA levels were observed in the lobar pulmonary arteries of the fetus, a time when pulmonary artery pressure is high and when there is presumably a high degree of wall stress in the pulmonary artery. Consistent with the in situ hybridization findings, tropoelastin mRNA levels progressively declined over the first 15 d of life in the lobar pulmonary artery of control animals (Fig. 6) . This decline was concomitant with the progressive decrease in Figure 5 . In situ hybridization demonstrating tropoelastin mRNA signal throughout the wall of the thoracic aorta in a 1 5-d-old control calf. Although signal was observed throughout the entire radius of the vessel, the strongest signal was in the inner half of the vessel. ings indicate that the frequency of alternative splicing of tropoelastin pre-mRNA in the pulmonary artery is tissue specific, and that the postnatal development of the tropoelastin isoforms in the pulmonary artery did not follow that for the nuchal ligament. Furthermore, the pattern of tropoelastin isoforms was not affected by hypoxia.
Discussion
This study demonstrates that changes in hemodynamic stresses after birth are accompanied by specific changes in the amounts and patterns of tropoelastin mRNA expression in the pulmonary artery. While other reports have shown that the changes in hemodynamics occurring in the perinatal period alter pulmonary arterial wall structure and matrix protein content (23) (24) (25) (26) (27) (28) (29) (30) , neither overall expression nor pattern of tropoelastin mRNA have been previously addressed. In our study, because normoxic and hypoxic postnatal time periods were comparable, but pressure differences were large, we could, at least in part, separate the effects of time from those of pressure on
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Fetal NN NN HA for leucine-rich regions because the same pattern was seen in samples translated in the presence of L-[35S]cysteine (Fig. 8) . Cysteine is encoded by only two exons, and these are not alternatively spliced. In essence, these findings confirm our previous results, which show that the pattern of tropoelastin isoforms produced in the nuchae ligament is developmentally regulated ( 17) .
In contrast, the pattern of tropoelastin isoforms produced by pulmonary artery mRNA did not change in the transition from fetal to extrauterine life, nor was the isoform pattern different in hypertensive animals (Fig. 8) . In all samples, whether from fetal, normotensive, or hypertensive calves, the 65-kD form was the most prominent, and the 67-and 63-kD isoforms were synthesized in relatively equal amounts. Thus, these find- Pulmonary Artery Pressure (mmHg) tropoelastin mRNA expression. By also examining tropoelastin in the aorta, we could largely separate the effects ofoxygenation from those ofpressure, because aortic but not pulmonary arterial pressures were mainly independent ofhypoxia. The use of in situ hybridization allowed us to study the distribution of the mRNA within the various vessels, and the identification of the tropoelastin mRNA component within total extracted RNA allowed us to estimate the steady state levels present in the vessel wall. The changes both in pressure and in tropoelastin mRNA content and distribution were large, which added confidence to our interpretations relating pressure to tropoelastin changes in the pulmonary artery in the perinatal period. Elastin production and accumulation is known to be high in the late fetal and newborn periods of life, but to rapidly decrease with increasing maturity (20, 31) . Our findings in intralobar pulmonary arterial media of a specific pattern for the decrease are supported by the diffuse expression of mRNA in the fetus, the progressive decrease in expression in the outer media, the localization ofthe expression to the inner media by 2 wk of age, and the absence of expression 2 yr of age. Seemingly then, tropoelastin expression during later periods ofdevelopment proceeds from the adventitial side towards the lumen. Similarly, the expression of smooth muscle markers, such as a-SM-actin, myosin, and metavinculin, appear first in the outer media and progress with time toward the lumen (32, 33) . Our findings are in close agreement with those in the large arteries of the chick, where tropoelastin mRNA expression begins in the outer media, but later in fetal development production is greatest in that portion of the media nearest the lumen (34) .
Radial gradients for tropoelastin in the vessel wall probably reflect developmental changes in the outer media as cells evolve from a secretory to contractile phenotype. Supporting this concept is the observation that cells containing synthetic organelles predominate in the inner media ofthe newborn pulmonary artery where there is more active matrix production, whereas cells without such organelles and containing an increased abundance of acto-myosin filaments predominate in the outer media (27) . These observations support the hypothesis that there is a complex differentiation program in the pulmonary artery wall with a sequence of maturational changes involving changing and multiple SMC phenotypes.
At issue in this study is whether pressure is a part of the stimulus for extinction oftropoelastin mRNA. Control ofelastin mRNA induction may differ from that of its extinction. Preliminary data in cell culture suggest that induction is transcriptionally regulated (35), but that extinction may be controlled by the rate ofmessage degradation (36). Ifso, cessation of tropoelastin production is controlled by a posttranscriptional process. This study does not address the rate of the mRNA degradation, but it does address hemodynamic factors related to its content and expression in the vascular wall. The fall in content, as shown in Fig. 6 , generally accompanies the fall in pressure, which raises, but does not prove, the possibility that pressure is one controller oftropoelastin mRNA. The possibility is supported by our in situ hybridization findings that the expressions in fetal aorta and pulmonary are similar at a time when the pressures are equal, but after birth expression remains present in the aorta where the pressure remains high, and progressively disappears in the pulmonary artery as the pressure falls.
Previous studies have shown that tropoelastin and collagen mRNA content in the aorta are maximal near the time of birth, that for both the expressions differ in the proximal vs. the distal aorta, and that expressions are apparently coupled to the hemodynamic stresses accompanying the development ofthe circulatory system (6, 31 ) . Also, elastin and collagen deposition were similar in the pulmonary arterial trunk and the ascending aorta of the newborn rabbit, but by 2 mo of age, when the aortic pressure greatly exceeded that in the pulmonary artery, the contents of elastin and collagen were also greater (37) . Increases in wall tension in both the systemic and pulmonary arterial wall have been shown to stimulate an increase in matrix protein production both in vivo and in vitro (38) (39) (40) . These changes occur within hours, well before an increase in many other proteins, suggesting that the matrix proteins quickly adapt to assist in maintenance of vessel geometry depending on the stresses that are imposed. Changes in pressure and wall stress are not the only factors controlling tropoelastin expression in the perinatal period. Recent studies have shown increases in elastin accumulation occur in the aorta just before birth in the absence of significant changes in arterial pressure (41 ) . The mechanism ofthis increase is not known but is felt to be an adaptive response in preparation for subsequent increases in pressure. Nonetheless, the current and previous observations are consistent with the concept that pressure and wall stress likely play an important role in the pulmonary vascular pattern of elastin expression.
If so, then preventing the normal fall in pulmonary arterial pressure after birth should be accompanied by a maintenance of tropoelastin expression in the postnatal period. In this study the fall in pulmonary arterial pressure was prevented by placing the calves in a hypobaric chamber shortly after birth. The findings that tropoelastin mRNA expression persisted in the vessel wall in a pattern similar to that of the fetus, and that tropoelastin mRNA levels did not fall in the postnatal period but were maintained at levels similar to those observed in the aorta, is consistent with the key role of hemodynamic stress in the control of elastogenesis. When the data from the high altitude calves are included in the analysis relating pulmonary pressure to tropoelastin mRNA levels (Fig. 6) , the direct correlation between pressure and tropoelastin mRNA levels is preserved.
At one time point, postnatal day 2, the level of tropoelastin mRNA was higher than expected for the pressure observed. This finding may represent a lag in the decay of the mRNA, which has a half-life of > 20 h (42) . For instance, failure to express factors involved in repression of elastin synthesis could result in the maintenance of a highly stable tropoelastin transcript. Thus, the characteristic and marked increase in pulmonary artery elastin expression in neonatal hypertensive animals is not due to an acquired or postnatal activation of tropoelastin synthesis, but rather to a failure to properly repress tropoelastin mRNA expression.
The current findings explain and confirm at the molecular level observations made many years ago from histologic/pathologic specimens. In the fetus, the configuration of the elastic fibers in the pulmonary trunk is similar to that of the aorta. During normal postnatal development marked differences in the arrangement of the network of elastic fibers between the aorta and pulmonary artery are observed (43 
